Genome-wide association studies have identified common genomic variants associated with increased susceptibility to breast cancer. In the general population, the risk associated with these known variants seems insufficient to inform clinical management. Their contribution to the development of familial breast cancer is less clear.
INTRODUCTION
Breast cancer is a common disorder with a significant heritable component. 1, 2 Clinical services dedicated to the management of familial breast cancer risk have principally focused on the identification of families segregating rare high-penetrance breast cancer genes, such as BRCA1 and BRCA2, which are associated with the highest lifetime cancer risks. Together, the known high-and moderate-risk genes are thought to account for no more than 25% of the familial aggregation of breast cancer.
3 Consequently, the majority of diagnostic genetic tests performed in the clinical setting yield uninformative results that provide minimal assistance in the clinical management of the individual and do not contribute to an understanding of the familial breast cancer risk in the family.
Major efforts have been made to explain the remaining heritable risk of breast cancer through large genome-wide association studies (GWAS) that seek to identify common variants in the genome associated with increased breast cancer risk. Individually, the single nucleotide polymorphisms (SNPs) identified have only a small effect on breast cancer risk, but collectively may account for a large component of breast cancer heritability. To date, more than 20 risk alleles have been identified in large, high-quality studies that reach the stringent standards of genome-wide significance. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] These studies provide clear evidence that common variants have a role in the JOURNAL OF CLINICAL ONCOLOGY etiology of breast cancer, but the integration of this information into clinical practice is yet to be resolved.
Studies have examined the utility of common variants for predicting personal breast cancer risk in the general population, either alone 16 or in combination with established models of personal breast cancer prediction, such as the Breast Cancer Risk Assessment Tool (Gail model) . [17] [18] [19] [20] Despite using different sets of SNPs and statistical methodologies, these studies have reported only a modest improvement in the discrimination of breast cancer risk. In the general population, analysis of common variants did not meaningfully contribute to important clinical decision points, such as commencement of early screening with mammography or magnetic resonance imaging, chemoprevention, or surgical prophylaxis. These findings reflect the diversity of etiologic factors that contribute to breast cancer in the general population.
In contrast, individuals affected by breast cancer who attend familial cancer clinics represent a distinct group, defined specifically by the apparent significance of hereditary factors in the etiology of their cancers. The risk-management issues are also different in this group, in whom the elevated risk of breast cancer is self-evident, and include questions about the possible utility and interpretation of genetic testing for high-penetrance genes (eg, BRCA1 and BRCA2), the continuing risk of developing a second primary breast cancer, or the potential for developing ovarian or other cancers. In this study, we examined the role of common genomic variants in familial breast cancer by genotyping an extended panel of previously described SNPs associated with breast cancer risk in a clinically and genetically characterized cohort of women attending familial cancer services. We have found evidence of a strong contribution from common risk variants in this setting and demonstrated an association with specific clinical features. The findings have implications for the genetic counseling and cancer risk management of the significant number of women affected by breast cancer with a family history.
PATIENTS AND METHODS

Study Population
The Victorian Familial Breast Cancer Cohort consists of index cases from families referred to four familial cancer centers (FCCs) throughout Victoria, Australia, between 1997 and 2010 who were found to have a high familial risk for breast cancer after clinical assessment. Personal and family histories of cancer were assessed through questionnaire and in person and were verified through local cancer registries. BRCA1 and BRCA2 mutation testing was completed (including screening of all exons and multiplex ligation-dependent probe amplification) for the index case in each family. The criteria defining high familial risk evolved over the period of assessment, in keeping with the published literature, and full details of the ascertainment for cases and controls are provided (Data Supplement).
Subjects
In this study, 1,143 index cases with at least one diagnosis of invasive breast cancer were analyzed, including 142 with a pathogenic mutation in BRCA1 and 116 in BRCA2. The features of the individuals in each group are shown in Table 1 and the outcome for all families enrolled is shown (Data Supplement). The study was approved by the human research ethics committees at all institutions involved. A population control group of 892 unaffected individuals was recruited by random selection from the Australian electoral roll by the Australian Ovarian Cancer Study as previously described. Abbreviations: NS, not significant; OR, odds ratio; PRS, polygenic risk score.
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ORs between the high PRS and low PRS group. †Two-tailed t test for means, 2 for proportions. ‡The low-and high-risk groups contain a quarter of the cases each by definition. §Mean number of first-to third-degree relatives affected by breast cancer.
Genotyping
Twenty-two SNPs were selected for genotyping from large, high-quality, two-stage breast cancer GWAS, 4-15,22 where they reached genome-wide significance levels (Data Supplement). Genotyping was performed on the Sequenom iPLEX platform (Sequenom, San Diego, CA). All variants met the required more than 95% success criteria for genotyping with no significant deviation from the Hardy-Weinberg equilibrium. Of 1,374 individuals eligible for genotyping, 112 were excluded after failing genotyping quality criteria.
Analysis
The association of individual SNPs with breast cancer risk was estimated, by logistic regression and P values by Cochrane-Armitage trend test. A multiplicative model for the interaction between risk variants was assumed in line with current evidence.
23,24 Individual risk was modeled using the full genotypic information by calculating a polygenic risk score (PRS), a log-additive score in which each risk allele was weighted by the log of the per-allele odds ratio (OR) measured in this cohort, standardized to an OR of 1 in the control population, as previously described. 16, 18 Scores for individuals with complete genotypic information were analyzed further. The distributions of the risk alleles and the PRSs in all groups were consistent with the expected normal distribution on examination of Q-Q plots (Data Supplement). The corresponding distributions were fitted from the measured parameters, and a cross-validation analysis was used to examine the model for over-fitting. The clinical characteristics associated with intervals of the distributions were assessed and compared. Relative and absolute risks of breast cancer were calculated based on annual and lifetime breast cancer risks specific for the Australian population. 24 The rate of second primary breast cancer was assessed by Kaplan-Meier estimate curves and a Cox regression model that included the effect of risk-reducing salpingo-oophorectomy, age of first diagnosis, and birth year. Additional details of the analysis and crossvalidation are described (Data Supplement).
RESULTS
A total of 1,143 index cases from high-risk breast cancer families and 892 population controls were genotyped, with an overall success rate of greater than 98%. The genomic variants examined showed a strong association with breast cancer risk, both individually and collectively. The cohort was not powered to assess the effect of individual SNPs; however, the association with breast cancer reached an unadjusted significance of P Ͻ .05 for 12 variants, and the remaining SNPs all showed the expected trend toward increased risk (Data Supplement).
The sum of the risk alleles and the PRS, calculated from the measured log ORs for the 22 SNPs, best fitted a normal distribution in cases and population controls. Breast cancer risk, estimated by either parameter, was substantially greater in the group of women with familial breast cancer who did not harbor a BRCA1 or BRCA2 gene mutation compared with the control group, and the difference was highly significant: mean PRS 0.30 (95% CI, 0.26 to 0.33) versus 0 (95% CI, Ϫ0.03 to 0.03; P ϭ 2.4 ϫ 10
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; Fig 1) . More than 70% of the mutation-negative group had a PRS greater than the average for the control population. The mean PRS in the mutation-negative women was equivalent to an average (expectation) OR of 1.56. The sum of the risk alleles and fitted distributions are shown in Figure 1 . In comparison with the mutation-negative group, women with a mutation in the high-penetrance genes BRCA1 or BRCA2 had a lower level of polygenic risk by either measure: mean PRS ϭ 0.12 (95% CI, 0.05 to 0.19) versus 0.30 (95% CI, 0.26 to 0.33; P Ͻ .001).
For mutation-negative women, differences in the mean PRS were associated with diagnosis of breast cancer before age 35 years (mean PRS ϭ 0.39 v 0.28; P ϭ .04) and the occurrence of contralateral breast cancer (mean PRS ϭ 0.40 v 0.28; P ϭ .02). To determine whether this corresponded to clinically important differences for a significant number of women, the cohort of mutation-negative women was divided into high-and low-risk groups consisting of the highest and lowest quartiles of the PRS (the middle two quartiles forming an intermediate-risk group). When the features of the three groups were compared, significant differences were confirmed in the frequency of early-onset and second primary breast cancers (Table 2) . Compared with the low-risk group, the high polygenic risk quartile had a trend toward an increased risk of a breast cancer diagnosis before age 35 years (OR ϭ 1.88; 95% CI, 0.99 to 3.25; P ϭ .05) that reached significance for diagnoses made before age 30 years (OR ϭ 3.37; 95% CI, 1.03 to 10.26; P ϭ .03). In addition, an almost two-fold increase in the frequency of second primary breast cancers was demonstrated in the group with the highest polygenic risk score compared with the lowrisk group (OR ϭ 1.96; 95% CI, 1.09 to 3.52). In contrast, there was no difference in the occurrence of breast and ovarian double primary cancers between the groups.
The occurrence of contralateral breast cancer is an important clinical and psychological consideration for women with a familial breast cancer. The rate of contralateral cancer was analyzed with the first diagnosis as a starting point for follow-up to the time of last contact, prophylactic mastectomy, death, or age 75 years. The rate in the highest risk women was significantly increased compared with both the low-and intermediate-risk group (log-rank P ϭ .02 and .033 respectively, Fig 2) . The difference in the rate of contralateral cancers remained significant when the age of first diagnosis, birth year, and the effect of risk-reducing salpingo-oophorectomy were included as covariants in a Cox regression analysis (Data Supplement) with a hazard ratio of 2.08 (95% CI, 1.17 to 3.70) between the highest and lowest quartile.
In the familial breast cancer cohort as a whole, the level of polygenic risk was inversely correlated with the chance that a mutation was present in either BRCA1 or BRCA2. Mutations were Cumulative incidence of contralateral breast cancer (CBC) from time of first diagnosis. Kaplan-Meier estimate curve for follow-up from the first diagnosis of breast cancer to age 75 years or censor points (ϩ) of last follow-up, prophylactic mastectomy, death, or diagnosis of ovarian cancer. The rate of CBC in the combined group of BRCA1 and BRCA2 mutation carriers (gold) is shown for comparison. Analysis demonstrates significant differences between the three groups of mutation-negative women (excluding mutation carriers): log-rankfound only half as frequently in the women assessed as having a high level of polygenic risk compared with the low-risk group (OR ϭ 0.46; 95% CI, 0.29 to 0.75). However, the probability of a BRCA1 or BRCA2 mutation, estimated on the basis of personal and family history for each individual (by the BRCAPro model 25, 26 ), actually showed a small increase corresponding to the increasing level of polygenic risk, from an average probability of 17% in the low PRS group to 23% in the quartile with the highest polygenic risk (P Ͻ .001). As a result, the proportion of BRCA1/2 mutations predicted in each stratum was poorly calibrated to the actual number of mutations detected, with a significant underestimation of mutations in the women with a low polygenic risk score and a corresponding overestimation of the number of mutations in women with a high level of polygenic risk (Data Supplement).
The ability of the polygenic model, incorporating the measured effect of the 22 genomic variants to predict the incidence of breast cancer, was examined in the setting of a high-risk family history, in which no BRCA1 or BRCA2 mutation is present. On the basis of a population risk of breast cancer to 75 years of 9%, 24 the difference in the calculated relative risk of breast cancer from the lowest to the highest quartile was a greater than 4.5-fold increase, equivalent to an average absolute life time risk of 6% in the lowest quartile to 27% in the highest quartile. The overall discrimination of the PRS for breast cancer, calculated by the area under the receiver operating characteristic, was 0.65 (95% CI, 0.63 to 0.68; Fig 3) .
DISCUSSION
GWASs have been successful in identifying common variants associated with an increased risk of breast cancer, predominantly from population-based cohorts. Currently little is known about the functional basis of these associations, but it is hoped that these new insights will lead to a deeper understanding of breast cancer etiology and biology, although clinical applications arising from this direction are likely to remain some way off. Neither, to date, have the data from GWASs been found to add significantly to the currently available tools for breast cancer risk assessment in the general population. 19 Consequently, despite the extensive research effort that GWASs involve, there is currently no clear direction for the clinical translation of the outcomes of these studies.
Here, we demonstrate for the first time the potential for direct clinical application of the results of the breast cancer GWAS by applying a new approach, focusing on families clustering the cancer of interest. We have shown that polygenic risk, defined by the common genomic variants identified in GWAS, is a major contributor to both incidence and clinical characteristics in a substantial subgroup of the breast cancers that occur in this context. The magnitude of the effect of these genomic variants observed in this setting was greater than described in previous, population-based analyses. 16, 20 An enhanced effect of the risk variants in the familial setting has been suggested in 
B A
other studies based on familial cohorts 8, 27 and reflects the fact that the cases involved are highly selected to ensure the importance of hereditary factors in the etiology of their cancers. As a result, the 22 variants genotyped would together account for 18.5% of the variance of breast cancer risk in this cohort compared with 10.2% by the same estimate based on the published ORs, most of which are derived from population-based cohorts. 16 Our findings suggest that the assessment of polygenic risk can help to distinguish a genetically defined group of women with high familial risk who have a characteristic set of clinical featuresincreased frequency of early-onset cancers, approximately two-fold increase in the rate of contralateral breast cancer diagnosis, less than half the risk of a high-penetrance mutation in BRCA1 or BRCA2, and no excess of ovarian cancer. Together these features suggest a model for the interpretation of genomic variants in the familial cancer setting that can be used as a framework for further evaluation through clinical research (Fig 4) . Critically, the information from common variants showed the capacity to identify individuals among the women without a BRCA1 or BRCA2 mutation who continue to have a high risk of breast cancer. No mutation is found for the majority of individuals with a family history who undergo genetic testing, and advice about risk management in this group is currently based on limited information and tends to be nonspecific in nature. Follow-up studies in this setting report a low uptake of both medical and surgical interventions.
28, 29 Determining the future cancer risks more accurately for even a proportion of women who do not have a BRCA1 or BRCA2 mutation has the potential to improve significantly the risk management decisions of a considerable number of women. In this study, the same information could not be derived from features in the clinical or family history.
The excess of risk alleles was not seen to the same degree in individuals in whom a BRCA1 or BRCA2 mutation was identified and in whom the high-risk mutation would be expected to be the major causative factor underlying their diagnosis. Despite this finding, the overlap in the PRS between the groups with apparently separate genetic etiologies remains considerable, and the mean PRS in BRCA mutation carriers affected by breast cancer was also significantly higher than that seen in the unaffected controls (P ϭ .0017), which is consistent with the evidence that many of the same variants act as modifiers of the risk associated with mutations at the BRCA1 or BRCA2 loci. 30, 31 In this study, the difference between the high polygenic risk and rare, high-penetrance mutation groups may be underestimated, as undetected mutations in rarer genes associated with breast cancer such as TP53, PTEN, PALB2, ATM, or STK11 are likely to be present in some individuals, potentially with a corresponding distribution of common risk variants similar to the BRCA1 and BRCA2 carriers. Further investigation is needed to explore whether the distinction between polygenic and monogenic etiologies can be exploited to help identify the individuals and families most likely to harbor a mutation in a new, high-penetrance gene. Individuals at the low end of the scale of polygenic risk would then be candidates for more extensive genetic screening through technologies such as tailored gene arrays or whole-exome sequencing.
A limitation of this study is that only the genotype of the index case from each family was analyzed. As a result, features such as contralateral breast cancers, early onset cases, and the extent of family history are all affected by the ascertainment; however, this effect applies equally to all groups within the cohort. Analyzing a single case from each family avoids the complex problem of the interdependence of polygenic risk between related individuals, but the extent to which the observed excess of risk alleles contributes to the history in family members cannot be assessed. In our cohort, polygenic risk in the index case was not a surrogate measure of the extent of the family history, with no significant correlation found between the level of polygenic risk and family history parameters such as the number of breast cancers or the age of onset in family members.
Despite extensive evidence of the importance of common genomic variants to individual breast cancer risk, application of these insights to improve screening and management remains a challenge. Analysis of risk alleles in the general population suggests that the contribution of common variants to the assessment of risk is likely to be important for only a small proportion of women at the extreme ends of the distribution. [16] [17] [18] [19] [20] We describe an alternative approach in which we have selected a group of individuals with strong indicators of a hereditary element to their diagnosis of breast cancer and have found that in a group of patients who make up a large component of the referrals to familial cancer clinics and cancer genetics services, polygenic risk is a major predisposing factor in their diagnosis. Although debate continues around the utility of this information in the general population, our study suggests that common risk variants have potential for direct application in the setting of a positive family history.
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